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Abstract
Although vortex pinning in laser-ablated YBa2Cu3O7−δ ﬁlms on (100)
SrTiO3 is dominated by threading dislocations (Dam B et al (1999) Nature
399 439), many other natural pinning sites are present. To identify the
contribution from twin planes, surface corrugations and point defects, we
manipulate the relative densities of all defects by post-annealing ﬁlms with
various as-grown dislocation densities, ndisl. While a universal magnetic
ﬁeld B dependence of the transport current density js(B,T ) is observed
(independently of ndisl, temperature T and the annealing treatment), the
defect structure changes considerably. Correlating the microstructure to
js(B,T ), it becomes clear that surface roughness, twins and point defects
are not important at low magnetic ﬁelds compared to linear defect pinning.
Transmission electron microscopy indicates that threading dislocations are
not part of grain boundaries nor are they related to the twin domain
structure. We conclude that js(B,T ) is essentially determined by pinning
along threading dislocations, naturally induced during the growth process.
Even in high magnetic ﬁelds, where the vortex density outnumbers ndisl,i t
appears that linear defects stabilize the vortex lattice by means of the
vortex–vortex interaction.
1. Introduction
The early observation of both high-transport current densities
(typically between 1011 and 1012 Am −2 at low temperatures
in zero magnetic ﬁeld) and numerous structural defects in thin
epitaxial ﬁlms of the high-Tc superconductor YBa2Cu3O7−δ
motivated the identiﬁcation of the strongest pinning defect
[1]. Grainboundaries [2, 3], twin boundaries [4,5], anti-phase
boundaries [6–8], screwdislocations [9–12], edgedislocations
[13, 14], precipitates [15–17] and surface roughness [18–21]
have been suggested as good candidates. However,
quantitative studies unambiguously relating the density of a
speciﬁc defect to the transport current density characteristics
were not performed, since the necessary control over the
relative defect densities could not be achieved.
Only recently we reached a high degree of tunability
for threading dislocations in thin ﬁlms of YBa2Cu3O7−δ by
carefully manipulating the growth conditions [22]. This
allowed us to relate the high transport current densities in
ﬁlmstostrong pinning ofvortices along dislocationsinasemi-
quantitative way [23]: a plateau B∗ was found in the magnetic
ﬁeld dependence of the transport current density js(B),
which is directly proportional to the measured density of all
dislocations (i.e., both edge, screw and dislocations of mixed
character). The proportionality constant was determined to be
0.7 0 at low temperatures, where  0 = 2.068×10−15 Tm2 is
theﬂuxquantum, showingthatdislocationsarethemainorigin
ofthehighcurrents. Subsequently, Klaassenetal[24]revealed
the existence of a similar plateau in the dynamical relaxation
rate below B∗. Moreover, the temperature dependence of both
B∗ and js(B < B∗) was explained in terms of the Bose glass
theory [25, 26], taking thermal ﬂuctuations and the actual
shape of the vortex-pin potential into account.
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In the present paper, we focus our attention to
alternative natural pinning sites(twin boundaries, precipitates,
point defects and surface roughness) that are operative
in combination with threading dislocations. In order to
manipulate the relative densities of all defects, we perform
annealing experiments on ﬁlms with different as-grown
dislocation densities. Indeed signiﬁcant changes are found,
both in the transport current characteristics and in the
microstructure of these ﬁlms. As a result, the contribution
from the alternative pinning sites compared to linear defect
pinning can be identiﬁed.
2. Experimental procedures
C-axis oriented, 110 nm thick YBa2Cu3O7−δ ﬁlms are
deposited by means of pulsed laser deposition (PLD). An
optical beam homogenizer ensures a spatially homogeneous
laser spot on the target, which is essential for a reproducible
deposition process [27]. The laser energy density J is set at
1.4 J cm−2, as measured at the target. The YBa2Cu3O7−δ ﬁlms
are deposited from a rotating polycrystalline, high density,
tetragonal YBa2Cu3O6+x target (PRAXAIR >99.999% pure
raw materials) on low miscut SrO-terminated (100) SrTiO3
substrates [28], measuring 10 × 10 × 1.0 mm3.T h e t a r g e t –
substratedistancedT −S,substratetemperatureTsub andoxygen
pressure pO2 are varied from 3.5 to 3.0 cm, 750 to 850 ◦C( a s
measured with a pyrometer) and 15 to 35 Pa, respectively,
in order to decrease the dislocation density. The threading
dislocation density of these ﬁlms is determined by counting
the number of square, sharp-bottomed etch pits formed upon
applying adislocation sensitive wet-chemical etchand (1vol%
Br in ethanol) [22].
Using these setting, we prepare a series of ﬁlms with
threading dislocation densities of 28, 50 and 68 µm−2 (see
section 3). These ﬁlms are divided into two parts; one part of
each ﬁlm is subjected to a two-step post-anneal [29]. First,
these parts are quickly heated (15 ◦Cm i n −1) in a quartz tube
oven to the annealing temperature Ta = 800 ◦Ci naﬂ o w i n g
Ar + 3% O2 mixture (ﬂow of 1.01 min−1) and kept at this
temperature for ta = 30 min. Subsequently the samples
are cooled down (2.0 ◦Cm i n −1) to 500 ◦C, changing to a
100% O2 atmosphere around 600 ◦C. The ﬁlms are kept
in this second annealing stage for another 30 min and then
slowly cooled down (<2 ◦Cm i n −1). In the ﬁrst stage, during
heating the YBa2Cu3O7−δ ﬁlms go through the orthorhombic-
to-tetragonal structural phase transition (losing oxygen) in the
low oxygen content atmosphere, further arrangement takes
place at Ta and when cooling the ﬁlms go through the
tetragonal-to-orthorhombic transition (taking up oxygen) in
the 100% oxygen atmosphere. The second annealing stage is
incorporated to ensure full oxygenation.
As-deposited and post-annealed parts of the sameﬁlm are
compared in superconducting and microstructural properties
as a function of the as-grown threading dislocation density.
First, the transport current density js(B,T ) is measured on
a ring geometry by means of capacitive torque magnetometry
[24,30]fortemperatures4.2  T  80K,applying magnetic-
ﬁelds B  7 T at an angle of 10◦ from the c-axis. The
dimensions of the ring are a diameter of 3.0 mm and a width
of 125 µm. The high magnetic-ﬁeld regime is probed by
sweeping the magnetic ﬁeld at a rate of 40 mT s−1 (from 0 to
7T).Todeterminethecharacteristicﬁeldaccurately, additional
low ﬁeld sweeps (up to 1 T) are performed at a sweep rate
of 1 mT s−1. Microstructurally, the c-axis lattice parameter
and mosaicity  ω005 are determined by x-ray diffraction
(XRD) with a RIGAKU rotating anode diffractometer (Cu
Kα radiation), performing θ−2θ scans from the 001 up to
the 008-reﬂection and ω scans around the 005-reﬂection,
respectively. The ﬁlm thickness t was determined from the
frequency of the Laue oscillations around the 001-reﬂection
[31]. Rutherford backscattering spectrometry (RBS) angular
scans are performed around the [001] direction to study the
crystallinity, using 2.0 MeV He+. To analyse the surface
morphology of as-grown, post-annealed and wet-etched ﬁlms,
we use atomic force microscopy (AFM) in the tapping
mode (NANOSCOPE IIIa multimode system). Finally, the
resistivity ρ is recorded as a function of temperature T (80 <
T<300 K), using a four-probe conﬁguration in combination
with a well-deﬁned strip geometry (0.50 × 4.0mm2).
A second series of samples was prepared under identical
conditions as the ﬁrst series in order to check if (part of)
the effects reported here are due to small differences in the
preparation procedure. As the microstructural parameters
of both series are identical, we can exclude this possibility.
Moreover, the microstructure of some additional ﬁlms
(deposited under comparable deposition conditions) is studied
by transmission electron microscopy (TEM), both in cross
section and in planar-view. Low magniﬁcation and high
resolution TEM measurements are performed in a JEOL 4000
EX/II microscope operating at 400 kV (point resolution of
0.165 nm). Cross section specimens are prepared by a
standard procedure: face-to-face glued specimens in cross-
section geometry are polished down to a ﬁnal thickness of
about 15 µm using a Tripod polisher, followed by a 4 kV
ion milling. To prevent damaging the YBa2Cu3O7−δ ﬁlm it
turned out to be essential to use liquid-nitrogen cooling during
this ion milling. Plan-view specimens were ground, dimpled
and ion milled from one side in order to obtain an electron
transparent area just in the ﬁlm surface. Care was taken to
prevent contamination of the surface during TEM specimen
treatment.
3. Effect of post-annealing
3.1. Transport current
We measured the transport current density js(B,T ) in ﬁlms
withas-growndislocationdensitiesndisl of28 µm−2(low)and
68 µm−2 (high) before and after the post-annealing procedure,
see ﬁgure 1. The current density exhibits the behaviour well-
known for linear defect pinning [23]: it is constant up to the
characteristic ﬁeld B∗ (as indicated by arrows) and decays
rapidly above this ﬁeld. Both B∗ and js(B < B∗) strongly
depend on temperature. Comparing the as-grown and post-
annealed parts of the low ndisl sample, it is clear that there is
no signiﬁcant difference. Typically, B∗ (T = 4.2K) = 30 mT
and js(B = 0,T = 4.2K ) = 6 × 1011 Am −2. On the other
hand, in the high ndisl sample we distinguish two signiﬁcant
effects: (i) B∗ reduces by annealing and (ii) js(B < B∗)
increases. For instance, B∗ goes down from 120 to 90 mT at
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Figure 1. Inﬂuence of post-annealingon the magnetic ﬁeld
dependenceof the transport currentdensity js(B) in 110 nm thick
YBa2Cu3O7−δ ﬁlms depositedon (100) SrTiO3 with different
as-grown dislocationdensities (ndisl): (a)al o wndisl = 28 µm−2
sample and (b) a high ndisl = 68 µm−2 sample at temperatures
T = 10 and 40 K for the as-deposited(solid squares)and
post-annealed(open circles)parts of the same sample. The arrows
indicatethe characteristicﬁeld B∗ at 10 K.
4.2 K, while js(B = 0,T = 4.2 K) increases from 3 × 1011
to 6 × 1011 Am −2.
We can capture the essence of the magnetic ﬁeld
dependence of js(T ) in three phenomenological parameters
(see ﬁgure 2). While the low ﬁeld behaviour is determined
by both B∗(T ) and js(B < B∗,T), the high ﬁeld behaviour
can be approximated by a power-law dependence, js(B  
B∗,T)∝ Bα(T). Comparing the low and high ndisl sample, it
appears that js(B < B∗,T)is independent of the dislocation
density after the annealing procedure. However, the high
ﬁeld behaviour is very different: ﬁlms with a high as-grown
dislocation density show a much quicker drop in js than ﬁlms
with a low dislocation density. We ﬁnd α( 4.2 <T<70K)
≈− 0.65 for the low ndisl sample, while α(T)decreases from
−0.75 to −1.3 with T for the high ndisl sample, in agreement
with previous ﬁndings [24]. It is important to note that α(T)
is independent of the post-annealing treatment.
To correlate these characteristics in the superconducting
current density to pinning by various natural defects, we now
investigate the microstructure of the ﬁlms before and after the
post-annealing procedure in detail.
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Figure 2. Comparing the inﬂuence of post-annealingon the
transportcurrent density js(B,T) in 110 nm thick YBa2Cu3O7−δ
ﬁlms on (100) SrTiO3 with a low (ndisl = 28 µm−2, left column) and
high (ndisl = 68 µm−2, right column) as-grown dislocationdensity.
Shown are the temperaturedependenceof: (top panel) the
characteristicﬁeld B∗(T), (middle panel) the low magnetic ﬁeld
transportcurrent density js(B < B∗,T), and (lower panel) the high
magnetic ﬁeld power-law exponentα(T)for the as-deposited(solid
squares)and post-annealedparts (open circles).
3.2. Microstructure
The annealing procedure takes place at a temperature
comparable to the average deposition temperature (typically,
Tsub ≈ Ta = 800 ◦C) of the laser-ablated YBa2Cu3O7−δ ﬁlms.
Therefore, we expect clear changes in the microstructure.
(i) Surface roughness. In ﬁgure 3, AFM height images of
three ﬁlms deposited at decreasing substrate temperature
Tsub = 850, 800 and 750 ◦C (increasing dislocation
density) are shown before and after the post-annealing
treatment. The as-grown surface morphology consists
of semi-regularly spaced islands separated by trenches.
Within the trenches some deeper depressions can be
distinguished, corresponding to the sites where threading
dislocations emerge [22]. Since dislocations are situated
around the islands in as-deposited ﬁlms, the island
density nisland and dislocation density are proportional
(the proportionality constant being close to 1) [22].
Therefore, nisland canbeusedasaquickmeasureforndisl.
Upon annealing the island density decreases, suggesting
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Figure 3. Effect of post-annealingon the surface morphology.
AFM height images (1.0 × 1.0 µm2) of 110 nm thick YBa2Cu3O7−δ
ﬁlms on (100) SrTiO3 with differentas-grown dislocationdensities
ndisl after deposition(left column) and after the post-annealing
procedure(right column): (a, b) ndisl = 28 µm−2,( c, d) ndisl =
50 µm−2 and (e,f ) ndisl = 68 µm−2. Each pair of images is taken
on as-grown and post-annealedparts of the same ﬁlm. Upon
post-annealingboth the island density and the surface roughness
decrease. The effects are more pronouncedfor higher ndisl.T h e
height scale is 50 nm (bright is high, dark is low); the image
conditions(colourtable, contrast,etc.) are the same for all images.
that the dislocation density has changed. In addition, the
surface ﬂattens considerably (note that the same height
scalesareused). Forexample,theroot-mean-square(rms)
roughness decreases from 4 to 2 nm, typically.
(ii) Dislocation density. To check if the dislocation density
changes upon annealing, we perform wet-chemical
etching experiments. In ﬁgure 4, AFM images
corresponding to the same ﬁlms as in ﬁgure 3 are shown
after etching in 1% Br-ethanol, to reveal all threading
dislocations. Here, ndisl is determined by averaging
the results obtained for different areas of the same ﬁlm,
using etch times between 20 and 90 s. We ﬁnd that
the dislocation density decreases signiﬁcantly only in
ﬁlms with the highest as-grown dislocation density (from
ndisl = 68 µm−2 to 43 µm−2). Indeed dislocation
annihilation is expected to be easier in these ﬁlms, since
theaveragedistanceddislbetweendislocationsisrelatively
small (ddisl ≈ 1/
√
ndisl). It is important to note that
Figure 4. Effect of post-annealingon the dislocationdensity(ndisl),
as determinedby countingthe number of etch pits formed upon
dislocationspeciﬁc wet-chemicaletching. Shown are AFM height
images (1.0 × 1.0 µm2) of the same ﬁlms as in ﬁgure 3 after
Br-ethanoletching the as-grown (AD, left column) and
post-annealed(PA, right column) parts: (a) AD: ndisl = 28 µm−2
and (b)P A :ndisl = 24 µm−2,( c) AD: ndisl = 50 µm−2 and (d)P A :
ndisl = 51 µm−2,( e) AD: ndisl = 68 µm−2 and (f )P A :ndisl =
43 µm−2. Post-annealingonly affects ndisl in ﬁlms with a high
as-grown dislocationdensity. The height scale is 50 nm.
the correlation between the island density and dislocation
density is lost upon post-annealing: the dislocation
density outnumbers the island density.
(iii) Crystallinity. A measure often used for the crystallinity
of YBa2Cu3O7−δ ﬁlms is the full width at half maximum
of its 005 rocking curve,  ω005. In ﬁgure 5(a)a n
example of such an XRD measurement is shown (ω
scan). Uponannealing ω005 reducesfrom0.16◦ to0.14◦,
showing that the lateral (in-plane) correlation length has
increased. This is a general trend:  ω005 decreases
upon post-annealing, the effect being larger for higher
ndisl. However, ﬁlms with a high as-grown dislocation
density (deposited at a low substrate temperature) always
have slightly broader rocking curves, even after the
post-annealing procedure ( ω005 ≈ 0.2◦). Finally, we
performed RBS [001] channel measurements on the ﬁlm
with the highest as-grown dislocation density, comparing
the as-deposited and post-annealed part, see ﬁgure 5(b).
Upon annealing, the channel minimum yield for the Ba
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Figure 5. Effect of post-annealingon the crystallinityof 110 nm
thick YBa2Cu3O7−δ ﬁlms on (100) SrTiO3:( a) XRD 005 rocking
curve (ω scan) for the ﬁlm with an as-grown dislocationdensity
ndisl ≈ 50 µm−2,a n d( b) RBS [001] channel dip measurement for
the Ba signal of the ﬁlm with an as-grown ndisl = 68 µm−2.S i n c e
both the XRD peak and the RBS channeldip become more narrow,
we conclude that the crystallinityimprovessomewhat upon
annealing.
signal χBa decreases from 3.7% to 2.5%, while the full
width at half minimum of the [001] channel dip decreases
(from 1.9◦ to 1.6◦), conﬁrming the improved crystallinity.
The RBS results also indicate that as-deposited high ndisl
ﬁlms are already of a good crystallinity [32].
(iv) Doping. The ﬁlms go through the tetragonal
(YBa2Cu3O6+x)toorthorhombic (YBa2Cu3O7−δstructural
phase transition twice during the post-annealing process.
Therefore, the oxygen content of the ﬁlms may have
changed considerably. As both the c-axis lattice constant
and the resistivity ρ of the ﬁlm are sensitive functions
of the oxygen content, we performed XRD and electri-
cal transport measurements on the as-grown and post-
annealed parts.
Weﬁnd that the007 peak inthe θ–2θ scanshowsashift to
higher angles (smaller c-axis) and a clearer Kα1–Kα2 splitting
(indicative of the improved crystallinity). The increase in
intensity also shows evidence of improved crystallinity in
the direction along the c-axis, although part of the increase
may result from a slightly different alignment. Calculating
the c-axis length from the 00l-reﬂections for l = 1–8, we
observe a general trend: on average, the c-axis decreases
from 11.70 to 11.69 ˚ A upon annealing, independent of the
dislocation density. This effect can be attributed to (i)
an increase in oxygen content, (ii) an improvement of the
crystallinity, including Y/Ba disorder and O chain ordering or
acombinationofboth. Toseparatetheseeffects,letusexamine
the resistive transition more closely. By post-annealing both
the resistivity ρ and the Tc go down for all ﬁlms, see ﬁgure
6 for an example. The decrease in ρ is larger in ﬁlms with a
higher as-grown ndisl. An improvement of crystallinity alone
would lower ρ and increase Tc, whereas an increase in charge
carrier density above the optimal doping lowers both ρ and Tc.
Therefore, we conclude that the crystallinity improves and the
ﬁlms are slightly overdoped after annealing.
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Figure 6. Effect of post-annealingon a 110 nm thick YBa2Cu3O7−δ
ﬁlm on (100) SrTiO3 with as-grown dislocationdensity ndisl =
68 µm−2: The resistivityρ as a functionof temperatureT, revealing
that both ρ and Tc go down.
Summarizing, the effects of post-annealing on the
microstructure are more pronounced in ﬁlms with a higher
as-grown dislocation density.
4. Vortex pinning mechanisms
In the ﬁrst approximation, vortex pinning originates from the
condensation energy that a vortex gains by passing through
regions where the superconducting order parameter is
depressed (defects). In the case of a high density of randomly
distributed point defects, the vortex minimizes its total energy
by taking advantage of these defects. However, this process is
limited by the increase in elastic energy due to vortex bending
and its increase in length. By applying a current in the ab-
plane, the vortex (parallel to the c-axis) experiences a Lorentz
force and it starts to move above some threshold current
density. In this weak collective pinning picture a relatively
small current density is needed to depin a vortex, which
does not depend on the applied magnetic ﬁeld. Clearly, this
picturefailstoexplain ourjs(B,T )measurements, pointing to
vortices being pinned by defects correlated over a signiﬁcant
length (strong pinning). Ignoring vortex–vortex interactions,
withincreasingmagneticﬁeldvorticeswillinitiallybestrongly
pinned by such correlated defects until the vortex density
outnumbers the defect density. The additional vortices are
only weakly pinned and the current density that can be passed
without dissipation decreases.
In our YBa2Cu3O7−δ thin ﬁlms different types of
correlated disorders are naturally present, among which are
linear defects (dislocations), planar defects (twin boundaries),
precipitates and thickness ﬂuctuations. The microstructural
effects of post-annealing described above allow for an
investigation of the inﬂuence of different natural defects on
vortex pinning in these ﬁlmsasprobed by thetransport current
density js(B,T ).
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4.1. Pinning by linear defects
Weﬁndthatthecharacteristicshapeofjs(B,T )isindependent
of both the dislocation density and the post-annealing
procedure. In agreement with a previous study [23, 24], the
characteristic ﬁeld at low temperatures is determined by the
totaldislocationdensityasmeasuredbywet-chemicaletching,
according to:
B∗ ≈ 0.7ndisl 0. (1)
Both B∗ and js(B < B∗)are functions of the superconducting
parameters [i.e., the coherence length ξ = ξ(T) and the
magnetic penetration depth λ = λ(T)]. The temperature
dependence of these parameters in combination with thermal
ﬂuctuationsareresponsiblefortheobserveddecreaseinB∗(T )
and js(B < B∗,T)with temperature [24].
Post-annealing the sample with a high as-grown ndisl
(see ﬁgure 2) reduces B∗. This is a direct consequence of
the annihilation of dislocations during annealing (ndisl =
68 → 43 µm−2, see ﬁgure 4). Indeed, the characteristic ﬁeld
corresponds well with the measured density of dislocations
after post-annealing, following equation (1). However, the
reason for the increase in js(B < B∗) is not ap r i o r iclear.
In the single vortex regime, where vortex–vortex interactions
can be neglected, the current density is determined by the
depinning ofavortex from alineardefect. Therefore, thesame
value of js(B < B∗) is expected for all ﬁlms, independently
of ndisl. Before post-annealing, however, ﬁlms with a low
as-grown dislocation density usually carry somewhat larger
currents than ﬁlms with a high as-grown ndisl, see ﬁgures 1
and 2 for an example. This is a consequence of the method
used to increase ndisl. Since high dislocation densities are
inducedatrelativelylowsubstratetemperatures (750 ◦Cinthis
investigation), the corresponding rocking curves are usually
broader (typically,  ω005 ≈ 0.2◦) and the resistivities are
higher (ρRT ≈ 300µ cm) compared to low ndisl ﬁlms
( ω005 ≈ 0.1◦ and ρRT ≈ 250µ cm). These effects are
indicative of a poorer crystallinity and lower doping. Post-
annealing (partly) corrects for both issues and the current
increases in the high ndisl ﬁlm. The improvement in overall
crystallinity (including oxygen stoichiometry) of the ﬁlms
ensures that the depression in the superconducting order
parameter as well as ξ and λ are the same for all ﬁlms. Due
to the sharpening of the pinning potential upon annealing,
js(B < B∗) approaches a universal value of 6 × 1011 Am −2
at 4.2 K, characteristic for the pinning of a single vortex by a
dislocation. Surprisingly, the overdoping upon annealing does
not affect the current density.
Given the dominant role of linear defects as pinning cen-
tres in these ﬁlms, we started a cross-sectional TEM inves-
tigation for threading dislocations. Generally, dislocations
are difﬁcult to observe in a cross section [33], as their density
is relatively low and their core size is small [34]. Despite
difﬁculties in the TEM sample preparation, we were able to
identify threading dislocations in a sample with a high dislo-
cation density, see the ‘2-beam’ bright ﬁeld images in ﬁgure 7
(strong diffracting beam paralleltothec-axis). Here,anexam-
ple of a dislocation originating at the substrate–ﬁlm interface
andextendinguptothesurfaceinadirectionclosetothec-axis
is shown. By varying the g-vector in dark ﬁeld, the threading
dislocations cannot be discerned when g is parallel to the c-
axis,suggestingthatthesearescrewdislocations. Thisspeciﬁc
Figure 7. Low magniﬁcationcross-sectional‘2-beam’ bright ﬁeld
TEM images of a 120 nm YBa2Cu3O7−δ ﬁlms on (100) SrTiO3 with
a high dislocationdensity (this speciﬁc ﬁlm was shortly etched in
Br/ethanol): (a) a high density of threadingdislocationsoriginating
at the interface and extendingall the way up to the surface can be
distinguishedand (b) the correlationbetween a threadingdislocation
and an etch pit is schematicallyshown; simultaneousobservationof
etch pits and dislocationsturned out to be difﬁcult (only by varying
the defocus a correlationcould be established).
ﬁlm was shortly etched in 1% Br/ethanol in order to correlate
etch pits and dislocations directly. By varying the defocus
either etch pits or dislocations can be discerned. Therefore,
simultaneous observation of both etch pits and threading dis-
locations is difﬁcult. However, it appears that etch pits are
present at the positions where dislocation lines emerge at the
surface, as schematicallyindicated inﬁgure7(b). We note that
preferential etchpitformationwasrecentlyunambiguously re-
lated to threading dislocations of screw and mixed character
in ﬁlms of GaN on (0001)-sapphire [35], combining AFM and
cross-sectional TEM analysis.
4.2. Pinning by planar defects
A network of planar defects provides for an alternative source
of strong pinning [36]. As shown by Doornbos et al [37], in
a network of planar defects, spaced by a distance d, vortex–
vortex interactions are expected to become important when
the vortex spacing is of the order of λ.T h i s g i v e s r i s e t o a
characteristic ﬁeld of the order
B∗ ≈
2 0
λd
. (2)
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Below, we consider three types of planar defects: twin
boundaries, anti-phase boundaries and (low-angle) grain
boundaries. Also, the relation between threading dislocations,
twinning dislocations and low-angle grain boundaries is
investigated.
4.2.1. Twin boundaries During the tetragonal-to-ortho-
rhombic phase transition upon cooling down, (110) and (110)
twins form. In ﬁgure 8, a planar view TEM image is shown
of an as-grown sample with a very low dislocation density
(about 10µm−2asestimatedfromtheislanddensity), showing
that twins of each orientation are distributed in domains.
Since the twin planes are parallel to the c-axis, these planar
defects might give rise to matching ﬁeld behaviour. In
our experiment, the annealing must have changed the twin
structure, since the ﬁlms are cooled down in a very different
way: the as-deposited sample is quenched in pure oxygen
(>100 mbar) to room temperature within a few minutes,
whereas the post-annealed sample is cooled down much more
slowly. It has been shown that the post-annealed samples
exhibit longer and more ordered twins due to the improved
kinetics [38]. Yet, no signiﬁcant difference in js(B,T ) is
found in the low ndisl ﬁlm (see ﬁgure 1), indicating that
twin boundaries are relatively unimportant compared to linear
defect pinning.
The twin boundaries are distributed in domains,
containing either (110) or (110) twin boundaries. To relieve
themismatchbetween thedomains, twinning dislocations [39]
with a dislocation line parallel to the c-axis will be formed
at the domain boundaries if the mutual distance between
subsequent twin planes in the domains is large enough (i.e.,
larger than 50 nm). However, this distance of the ﬁlm
investigated is generally less than 40 nm (see ﬁgure 8(b)),
whichavoids thenecessityof introducing twinning dislocation
at the domain boundaries. Furthermore, assuming that the
threading dislocations are twinning dislocations, they are
expected to be distributed in a network which is characterized
by a length scale of about 1 µm, see ﬁgure 8. Clearly, this
length scale is much larger than the threading dislocation
spacing [22]. Apparently, the deformations are elastically
accommodated and we conclude that twinning dislocations
are not present in our YBa2Cu3O7−δ ﬁlms.
4.2.2. Anti-phase boundaries Anti-phase boundaries may
be induced by the vicinal steps in the substrate (0.4 nm in
height, corresponding to ≈c/3) [40]. Indeed an anisotropy
in js was reported in these miscut samples: along the vicinal
steps a higher current density is found than perpendicular to
them. We used substrates with a vicinal angle of only 0.15◦
[28] and the number of anti-phase boundaries is expected to
be small. Although we previously found indications for the
existence of a network of anti-phase boundaries [41], in our
present TEM investigations we did not detect such anti-phase
boundary networks. We attribute this difference to (i) the use
of better quality substrates (smaller miscut angles, different
supplier, better characterization) and (ii) our new substrate
preparation and cleaning procedure, yielding essentially SrO-
terminated (100) SrTiO3 substrates [28]. We ﬁnd that, in
contrast to TiO2-terminated substrates, the pattern of vicinal
steps on SrO-terminated substrates cannot be traced back by
Figure 8. Planar view TEM images of a 500 nm YBa2Cu3O7 − δ
ﬁlms on (100) SrTiO3 with a very low dislocationdensity (ndisl ≈10
µm−2), showing(a) domainscontainingonly one orientationof twin
planes and (b) a close-up of such a domain, showing that the mutual
distancebetween subsequenttwin planes within the domain is
generallyless than 40 nm. Note that the length scale of the twin
domains is much larger than the averagedistancebetween threading
dislocations(250 nm).
AFM in YBa2Cu3O7−δ ﬁlms thicker than one monolayer [28].
Althoughanti-phaseboundariesareabsentinourﬁlmsonSrO-
terminated substrates, weﬁndcurrent densities thatare ashigh
as those obtained on miscut samples [6–8]. In our opinion,
vortex pinning in ﬁlms on miscut substrates may still be
dominated bythreadingdislocations. Theobserved anisotropy
could as well arise from an anisotropy in crystallinity. As
shown here, crystallinity inﬂuences the magnitude of the
transport current and can, therefore, account for an anisotropy
in js.
4.2.3. (Low-angle) grain boundaries As discussed above,
any network of planar defects might give rise to matching
ﬁeld behaviour, see equation (2). In particular, the observed
island morphology of the ﬁlms suggest that the islands could
be separated by (hidden) grain boundaries [3]. Since large
angle (>5◦) grain boundaries strongly affect the magnitude of
the transport current density [42], the observed large currents
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imply that only low-angle (<5◦) grain boundaries can be
present. We previously found a scaling between the island
density nisland and threading dislocation density ndisl and
observed that the dislocations are situated around the islands
[22]. Therefore, it is tempting to assume that the threading
dislocations are distributed in low-angle grain boundaries,
separating the growth islands. We can calculate the angle
ϑ between adjacent islands using the Shockley–Read formula
[43]:
ddisl =
b
2sin(ϑ/2)
(3)
where b is the magnitude of the Burger’s vector and ddisl is
the average distance between dislocations (ddisl ≈ 1/
√
ndisl).
Although we ﬁnd screw dislocations, we assume that b =
0.39 nm3. Taking the extremes for the dislocation density, we
ﬁnd 0.12 <ϑ<0.18◦. In our opinion, these misorientations
are elastically accommodated and do not inﬂuence the
coupling between islands.
In addition, upon annealing ﬁlms with a high as-grown
ndisl, the one-to-one correspondence between the island
and dislocation density is lost, see ﬁgures 3 and 4.T h i s
allows us to discriminate between individual linear defects
and dislocations located in low angle grain boundaries.
For this particular high ndisl ﬁlm, we ﬁnd that upon
annealing (i) ndisl decreases from 68 to 43 µm−2, (ii) nisland
decreases faster from 66 to 30 µm−2, while (iii) B∗(4.2K)
drops from 120 mT to 90 mT. Following equation (1),
B∗(PA)/B∗(AD) = 0.75resemblesndisl(PA)/ndisl(AD) =
0.63 and not nisland(PA)/nisland(AD) = 0.45. Here, weused
the notationAD =as-deposited and PA=post-annealed. This
conﬁrmsthatB∗ isdeterminedbythedislocationdensityrather
than some other defect related to the island density (like low-
angle grain boundaries)4
Finally,inourTEMinvestigationwewereunabletoreveal
any grain boundaries, both in cross section and in planar view.
We ﬁnd that the atomic layers are continuous over tens of
microns apart from some stacking faults parallel to the ab-
plane (also introduced by the ion milling during TEM sample
preparation) and weconclude that grain boundaries are absent.
4.3. Pinning by point defects and precipitates
At high ﬁelds, a weak effect of point disorder on js(B,T ) was
demonstrated[44]inYBa2Cu3O7−δﬁlmsaftertheintroduction
of point defects by low energetic (25 MeV) irradiation with
16O ions. In our picture of linear defect pinning, above
the characteristic ﬁeld all linear defects pin one vortex and
the additional vortices will be pinned by other defects [12].
Therefore, at ﬁelds B  B∗ point defects may play a role
in combination with linear defects. Surprisingly, the
characteristic power-law dependence at high ﬁelds does not
change upon post-annealing, see ﬁgures 1 and 2.Y e t , t h e
relative amount of different types of point defects must have
3 As a low anglegrain boundaryconsistsof an array of edge dislocationswe
take b equal to the average in-plane lattice constant of YBa2Cu3O7−δ (≈0.39
nm).
4 This effect is even more clear in sputtered YBa2Cu3O7−δ ﬁlms, where the
island density is orders of magnitude smaller than the measured threading
dislocationdensity22,23.
changed, implying that, in ﬁrst approximation, point defects
do not determine the high magnetic ﬁeld behaviour.
In fact, the robustness of the high ﬁeld behaviour suggests
that even for B   B∗ linear defects still play an important
role [24]. The high-ﬁeld power-law exponent α(T) is either
close to −0.5 (low ndisl)o r−1 (high ndisl), which can be
understood from vortex shear between unpinned vortices, and
vortices pinned by linear defects [45] and collective pinning
by linear defects [26], respectively. The cross-over takes
place at a dislocation density of the order 1/λ2 ≈ 45 µm2 at
low temperatures [24]. Although the details of the pinning
mechanism operative at high ﬁelds are not clear to us at
this moment, all results point to linear defects still being the
effective pinning sites at B   B∗. Also a high density of
precipitates facilitates vortex pinning [15–17], since a vortex
can gain condensation energy. In the case of YBa2Cu3O7−δ
ﬁlms mostly Y2O3 precipitates have been found [46]. By
planar view TEM we indeed ﬁnd some Y2O3 precipitates.
Since their density is relatively low (4 µm2 in the sample
s h o w ni nﬁ g u r e8), we infer that the pinning effect of these
precipitates is insigniﬁcant.
4.4. Surface roughness effects
In our explanation for the higher current densities in ﬁlms
compared to single crystals so far, we left out the contribution
from thickness ﬂuctuations [18–21]. In principle, roughness
contributes to the pinning of vortices, since a vortex may
lower its energy by minimizing its length [19]. Obviously,
roughness effects are more important in ﬁlms compared to
single crystals due to their relatively small thickness. As the
substrate–ﬁlm interface is atomically ﬂat [47], we concentrate
on the effect of surface roughness. Assuming a sinusoidal
thickness modulation δt sin(2πx/L), the pinning force per
unit length fp is calculated to be [19]:
fp ≈
2πε0δt
Lt
. (4)
In this expression, ε0 is the line energy of a vortex [48].
Clearly, smoother surface modulations reduce vortex pinning
due to surface corrugations. We ﬁnd that upon annealing
the surface roughness is greatly reduced (the rms roughness
after annealing is about half of the roughness of the as-grown
samples). However, we ﬁnd no corresponding decrease in
the transport current density upon annealing. Therefore, we
conclude that the contribution of the surface to js(B,T ) is
negligible compared to linear defect pinning.
5. Conclusions
We correlated the microstructure of YBa2Cu3O7−δ thin
ﬁlms, laser ablated on (100) SrTiO3 substrates, to the
superconducting current density js(B,T ). The defect
structure of these ﬁlms is characterized by threading
dislocations, surface corrugations, twin planes, precipitates
and point defects. As a tool to manipulate the relative
amount of these defects, we employ an ex-situ post-annealing
treatment at a temperature close to the average deposition
temperature. We ﬁnd that:
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(i) Threading dislocations are the dominant pinning sites for
vortices, giving rise to the well-known matching ﬁeld
behaviour in js(B,T ): it is constant up to a characteristic
ﬁeld B∗ (T ) and decreases rapidly according to a power-
law Bα(T) above B∗.O n a v e r a g e , js(B < B∗,T)
decreases slightly with increasing as-grown dislocation
density ndisl. We attribute this effect to the somewhat
poorer ﬁlm quality of these ﬁlms, which determines the
shapeofthepinningpotential. Annealingtheﬁlmsreveals
a universal js(B < B∗,4.2K) = 6 × 1011 Am 2,a s
expected for linear defect pinning in the single vortex
regime. As a result, the transport characteristics can now
be summarized by three phenomenological parameters
only: B∗, js(B < B∗) and α. Here, B∗ is proportional to
ndisl, while α is close to −0.5 for ndisl  45 µm−2 and
close to −1f o rndisl  45 µm−2, indicative of a shearand
a collective pinning mechanism, respectively.
(ii) It is shown that some dislocations are annihilated
while annealing ﬁlms with a high as-grown ndisl (small
dislocation spacing), which is accompanied by a decrease
inB∗. Moreover, theone-to-onecorrespondencebetween
the island density nisland and ndisl is lost upon annealing.
This allows us to discriminate between individual
dislocationsanddislocationsbeingpartoflow-anglegrain
boundaries. As B∗ follows the measured ndisl and not
nisland, the islands are not loosely connected by means of
low-angle grain boundaries (or some other defect related
to the island size).
(iii) By post-annealing, the surface roughness and the point
defect density decrease, while the twin structure also
changes. Since both js(B,T ) and ndisl are not affected at
allinﬁlmswitha lowas-grown ndisl, these type of defects
do not contribute to vortex pinning at low magnetic ﬁelds
compared to lineardefect pinning. In addition, itisshown
thatoverdoping doesnotaffectthemagnitudeofjs(B,T ).
As a ﬁnal step, we performed cross-sectional and
planar view transmission electron microscopy investigations
to verify these conclusions. Indeed, threading dislocations are
observed. It is shown that these dislocations are not part of
low-angle grain boundaries nor are they related to the twin
domain boundaries. In addition, the precipitate density was
shown to be very low and anti-phase boundaries were not be
detected.
We conclude that (at low temperature) threading
dislocations fully determine the vortex pinning properties
of thin ﬁlms of YBa2Cu3O7−δ, reconﬁrming earlier ﬁndings
[23]. Remarkably, even the high magnetic ﬁeld behaviour
is determined by the presence of linear defects. Apparently,
the vortex–vortex interactions stabilize the vortex lattice up to
ﬁelds as high as 7 T. We conclude that YBa2Cu3O7−δ ﬁlms
contain a relatively low density of growth-induced, ordered
threading dislocations that are extremely interesting both from
a technological and a fundamental point of view.
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